This paper addresses the development of an adaptive control strategy for regulating the output of a proto typical magnetostrictive transducer. The application is a generalization of an industrial process in which the magnetostrictive transducer is used to drive a cutting head in a high speed, high accuracy mode of operation. To attain the required stroke and force requirements, the transducer must operate in a regime in which the relation between input currents and output strains or forces exhibits significant hysteresis and constitutive nonlinearities including saturation effects. A variety of techniques for modeling the hysteresis and transducer dynamics are discussed and a model reference adaptive control (MRAC) strategy based on a Preisach model is developed. The performance of the control method is illustrated through a numerical example.
Introduction
Magnetostrictive transducers provide unique actuator capabilities in a number of automotive and industrial applications due to their broad bandwidth and capability for generating large forces. A prototypical process in which magnetostrictive transducers have been proven advantageous is the milling of out-of-round products at high speeds subject to micron-level tolerances. As detailed in [SI, a magnetostrictive milling device has recently been developed by Etrema Products ' with the goal of achieving fl micron cutting tolerances while operating at 3000 rpm. It is this application that we consider as a prototype for adaptive control design.
To achieve bi-directional strokes, it is necessary to bias magnetostrictive transducers through either an applied DC current or a surrounding magnet. Even in this biased state, however, the transducers exhibit hysteresis and constitutive nonlinearities which must be accommodated in both models and control designs to meet 'Etrerna Products, Inc., 2500 North Loop Drive, Arnes, I A 50010 0-78057061-9/01610.00 8 2001 IEEE 4260 the speed and accuracy specifications. This paper addresses the development of an adaptive control method to achieve this goal.
To place the model and control design in context, we first summarize some existing techniques for characterizing magnetostrictive transducers operating in nonlinear and hysteretic regimes. Two modeling techniques can be roughly categorized as Preisach characterizations 11, 6, 71 and quasi-macroscopic models based on d o main properties of the materials [Z, 3, 111. The former approach represents hysteresis through expansions based on a variety of multivalued kernels which, due to their global nature, directly enforce minor loop closure and loop congruency. The disadvantage of the technique derives from the lack of an energy basis for the method; hence it can be difficult to incorporate general frequency-dependence and the representation of asymmetric loops can produce high-order models with nonphysical parameters. In contrast, the domain wall approach employs magnetoelastic energy relations to derive models in which the magnetization generated by an input field is evolved through the solution of a loworder ordinary differential equation. Due to its energy foundation, the domain model directly incorporates frequency-dependence and extensions to incorpo rate thermal-dependence are under development.
In this paper, we consider the development of a model reference adaptive control (MRAC) for magnetostrictive transducers operating at fixed, high frequency conditions. We employ the Preisach-based techniques from [9, 101 since, for the conditions under consideration, the Preisach model provides sufficient accuracy and admits a linear parameterization. The primary extension that we provide to the theory of [9, 101 is the incorporation of the full transducer model to characterize both the magnetic and elastic properties of the transducer.
The transducer model, hysteresis model and model inverse are summarized along with commensurate numerical techniques in Section 2. The MRAC design is outlined in Section 3 and illustrated through a numerical example in Section 4.
Transducer Model and Inverse
For the purpose of model development, we consider the transducer depicted in Figure 1 . This design was employed in the motivating milling device and is representative of designs employed in a number of other industrial and academic applications. Forces and strains are generated through the rotation of dipoles in the Terfenol-D core in response to current-induced fields in the surrounding solenoid. Biases required to achieve bidirectional strains and forces are provided by the permanent magnet. The compression bolt and prestress spring keep the rod in compression and further align dipoles to increase outputs due to dipole rotation.
The model will be constructed in two steps. In the first, the dynamics of the Terfenol-D rod will be quantified through the development of a PDE model with general inputs provided by magnetic field induced strains. The nonlinear and hysteretic relation between input currents and the generated magnetization will then be quantified through a Preisach characterization to provide a complete model for the transducer dynamics.
Transducer Model
We consider the Terfenol-D rod to have length L, cross-sectional area A , density p, Young's modulus E and damping coefficient C D . The rod is assumed to be fixed at the left end (x = 0) and the right end (z = L ) has an attached end mass MI, and is constrained by the prestress spring which is assumed to have stiffness k L and damping coefficient C L .
Under the assumption of linear elasticity and KelvinVoigt damping, the stress U at any point in the rod is given by aw a 2 ?U ax axat
u ( t , z ) = E -( t , x ) + c o -( t , X ) -E X ( t )
( 1) where w ( t , x) denotes the longitudinal displacement and X is the magnetostriction, or free strains, due to dipole rotation. As illustrated in [3] , the magnetostriction has the general formulation X ( t , z ) = %M2(t,x) where A, and M, respectively denote the saturation magnetostriction and magnetization and M ( t , x ) reflects the spatial variability in the magnetization due to end effects in the rod. Through judicious transducer design, however, end effects can be minimized which motivates the assumption of spatially invariant magnetostriction in (1). Furthermore, to achieve hi-direction strains and forces, it is necessary to bias the magnetization about a level MO generated by the permanent magnet. For low strain, large force applications, reasonable accuracy can be obtained with the linearization
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Wound Wire Solenoid and it is this regime that we consider. For large strains, one must retain the biased quadratic model developed in [3] .
To obtain a modeling PDE, force balancing is employed to obtain where the resultant is specified by
To obtain appropriate boundary conditions, we first note
t(L,t) = -h w ( t , L ) -C L -( t r L ) -M L -( t , L ) .
To pose the PDE (3) in a form which facilitates approximation, we consider a weak form of the model with state space X = L*(O,L) and the space of test functions
. Multiplication by test functions followed by integration then yields the weak form which must be satisfied for all 4 E V.
For either simulation purposes or control implementation, it is necessary to discretize the infinite dimeusional model (4). To define a finite element discretization in space, we consider a uniform partition of the interval To formulate the system in first-order form, we let
?(t) = [d(t),G(t)lT and define

A =
to obtain
A typical means of observation is to measure the displacements at the rod tip. This yields the 1 x 2N observation vector c = 10,. . . ,o, 1,0, ' 
where the 1 occurs in the N t h position.
The transfer function for the system (7) is given by This defines the system in a manner appropriate for subsequent adaptive control design.
Hysteresis Model
To characterize the hysteretic relation (6) between the applied current v ( t ) = I ( t ) and the resulting magnetization M , we employ a piecewise linear Preisach model. The following discussion summarizes the hysteresis model from 19, 101 and the reader is directed to those sources for additional details.
In this model, a hysteresis loop is defined by the two half-lines 
Inverse Hysteresis Model
The Preisach model outlined in the previous section provides a characterization of the hysteresis inherent to the magnetostrictive transducer. In this section, we summarize the construction of an inverse which can be employed as a filter to compensate, or approximately compensate, for the hysteresis inherent to the transducer. Because of the piecewise linear nature of the hysteresis model, and hence its inverse, the construction of the inverse is analogous to that of the model and we summarize only the main features pertinent to control design. Details can be found in [9, lo].
Because one goal in adaptive control design is to estimate parameters in the inverse, we let Af(t) denote the time-varying estimate of mt with similar notation for the estimates of the remaining parameters. As depicted in Figure 2 , the inverse model takes as input the desired control U d and outputs U which is subsequently applied as input to the hysteretic transducer. 
The conditions on the temporal derivatives of tkd and v are analogous to those for the hysteresis model.
To characterize the discretetime inverse, we define the ud-intercepts
along with the points
Adaptive Hysteresis Inverse
To facilitate the development of a suitable control law and adaptation scheme for updating the parameters in the model inverse, it is advantageous to consider a parameterization of the control error u ( t ) -u d ( t ) which isolates a parameterizable component from unknown disturbances. For the remainder of this development, we consider the case of symmetric hysteresis loops since this simplifies the discussion and is reasonably accurate for the milling application under consideration. Details regarding the control design can be found in 19, l o ] .
To specify the location of signals within both the hysteresis model and its inverse, we define indicator functions
with similar definitions for the remaining components.
For the symmetric case, the parameters and parameter estimates are specified as The control error u(t) can then be expressed as
The term @(t)Wh(t) represents the parameterizable component of the error and, as established in (1,s,s2,. ..,sn--P)T andA(s) isamonicHurwitz polynomial of degree n -1 where n is the degree of P ( s ) . Rather 
Numerical Example
The performance of the adaptive control method is illustrated here in the context of a magnetostrictive transducer employed for high speed milling of out-of-round objects. As detailed in [SI, the required tolerance for the cutting tip is i l micron.
The dynamics of the transducer are modeled hy the transfer function G(s) defined in (8) which has relative degree 1. The physical parameters for the model and control design are compiled in Table 1 The reference signal and transducer response obtained with the initial parameter values 6 = 6, c^t = 5 x lo5, Gr = 37,C; = 3 x lo3 are plotted in Figure 4 and the tracking error is plotted in Figure 5 . It is observed that the + l micron tolerances are achieved within six oscillations. For the cutting device, this is sufficient since cutting does not start immediately. Furthermore, the 
